To identify putatively swept regions of the Drosophila melanogaster genome, we performed a microsatellite screen spanning a 260-kb region of the X chromosome in populations from Zimbabwe, Ecuador, the United States, and China. Among the regions identified by this screen as showing a complex pattern of reduced heterozygosity and a skewed frequency spectrum was the gene diminutive (dm). To investigate the microsatellite findings, nucleotide sequence polymorphism data were generated in populations from both China and Zimbabwe spanning a 25-kb region and encompassing dm. Analysis of the sequence data reveals strongly reduced nucleotide variation across the entire gene region in both the non-African and the African populations, an extended haplotype pattern, and structured linkage disequilibrium, as well as a rejection of neutrality in favor of selection using a composite likelihood-ratio test. Additionally, unusual patterns of synonymous site evolution were observed at the second exon of this locus. On the basis of simulation studies as well as recently proposed methods for distinguishing between selection and nonequilibrium demography, we find that this ''footprint'' is best explained by a selective sweep in the ancestral population, the signal of which has been somewhat blurred via founder effects in the non-African samples.
O NE of the central goals of population genetics is the identification of adaptively important regions of the genome in natural populations. Existing methods for detecting recent positive selection rely on the expectation that the substitution of a strongly selected advantageous mutation will change patterns of variation in linked neutral regions (Maynard-Smith and Haigh 1974; Kaplan et al. 1989; Stephan et al. 1992) . A number of predicted effects of such a ''selective sweep'' on patterns of polymorphism have been proposed as tests for inferring the action of positive selection. These include a reduction in variation relative to divergence at the target of selection (Hudson et al. 1987) , an excess of low-frequency variants localized around the target (Tajima 1989; Braverman et al. 1995; Fu 1997) , and an excess of high-frequency derived alleles in regions flanking the target due to recombination (Fay and Wu 2000) , as well as increased linkage disequilibrium (LD) in the flanking regions but reduced LD spanning the target (Przeworski 2002; Kim and Nielsen 2004; Stephan et al. 2006; Jensen et al. 2007) , if gene conversion events are not considered. Given that these signatures are distinct relative to the location of the target of selection, a common approach has been to attempt to identify adaptively important loci by analyzing genomic patterns of polymorphism (e.g., Harr et al. 2002; Kim and Stephan 2002; Vigouroux et al. 2002) .
Thus, a widely used method for detecting selection involves genomic scans, which take advantage of the signatures of selection on linked neutral variation. By identifying markers with skewed distributions or decreased variation, subsequent sequencing studies may be directed to determine if the observed patterns are consistent with a sweep hypothesis (e.g., Glinka et al. 2003; Bauer DuMont and Aquadro 2005; Haddrill et al. 2005; Pool et al. 2006; . Here we present an implementation of a subgenomic scan approach. Microsatellites were surveyed in population samples from Zimbabwe, China, the United States, and Ecuador in a 256-kb region of the X chromosome of Drosophila melanogaster, roughly corresponding to a microsatellite approximately every 10 kb throughout the region. The intent of this initial microsatellite screen was to identify loci that may have played a role in the process of adaptation. This region was chosen because it was both well annotated and highly recombining. By identifying microsatellites that were either reduced in variability or skewed toward rare alleles, the hope was to allow for well-directed sequencing efforts. Three regions were identified as potentially containing the targets of selective sweeps: the Notch region (Bauer DuMont 1 et al. 2004) , the dunce region, and diminutive (dm), the latter of which is analyzed here.
Around dm, several microsatellites showed reduced heterozygosity and/or skews in the frequency spectrum in all populations studied, although the observations are complex owing to heterogeneity in patterns between populations. To investigate whether the underlying gene genealogies show the signature of a selective sweep, 10 kb of sequence were generated in 10 segments across a 25-kb region centered around dm for population samples from both Zimbabwe and China (representing an African and a derived non-African population, respectively). Sequence was also generated for a number of additional species of varying divergence for the two coding exons of dm. While the patterns of both microsatellite and nucleotide polymorphism and divergence are somewhat complex, we conclude that major features are best explained by a selective sweep at or very near dm in the ancestral African range of the species (represented by Zimbabwe) and that the ancestral sweep patterns have been ''blurred'' in the non-African population via the widely accepted founder effect that accompanied the species' expansion out of Africa. Evidence of selection at this locus is intriguing given both the known role of diminutive as a positive regulator of body size (Craymer and Roy 1980) , as well as the known clinal pattern of variation of this trait (Gockel et al. 2002; Calboli et al. 2003) . Specifically, parallel body size clines have been shown to have a positive relationship with latitude across all major continents (Coyne and Beecham 1987; Imasheva et al. 1994; James et al. 1995; van't Land et al. 1999; Calboli et al. 2003) . Whether variation at dm underlies these clines in body size will be the subject of future studies.
MATERIALS AND METHODS
Samples: Four population samples of D. melanogaster were surveyed for microsatellite variability. These include Zimbabwe (Sengwa Wildlife Research Institute), the United States (Arvin and Soda Lake, California), Ecuador (Atacame), and China (Beijing). The sample sizes for the microsatellite study differed across the microsatellites in each population. For Zimbabwe 55-65 chromosomes were sampled, for the United States 34-35, for Ecuador 52-54, and for China 57-62. Two population samples of D. melanogaster were surveyed for nucleotide variability: Zimbabwe (Senegwa Wildlife Research Insitute) and China (Beijing) . A single population of D. simulans (North Carolina) was also surveyed. The details of these collections have been described elsewhere (Begun and Aquadro 1991 , 1994 , 1995 . For all D. melanogaster populations, extracted X chromosome lines were used (Begun and Aquadro 1994) , while inbred lines were used for D. simulans. DNA sequences were determined in a sample of 24 lines of D. melanogaster (12 lines from Zimbabwe and 12 from China) as well as 12 lines of D. simulans (from North Carolina) across all loci to root branch-specific changes. At exon 2, the sample size collected for Zimbabwe was increased to a total of 28 to better quantify the site-frequency spectrum and address hypotheses concerning the selective neutrality of synonymous site evolution (see below). In addition, homologous sequence was generated for exon 2 in single lines of D. yakuba, D. teissieri, D. erecta, D. mauritiana, D. sechellia, and D. eugracilis. Sequences were deposited in GenBank under accession nos. EU167614-EU167733.
Analysis of microsatellite variability: The microsatellite data presented here are a continuation of data presented for nine microsatellite loci centered on the Notch locus region of the X chromosome in D. melanogaster . Cosmid clones 163A10, 140G11, and BACN43K23 and the Celera 11/35 scaffold completely span between the Notch and dm gene regions of this chromosome. After omitting overlapping regions, these clones cover a total of 263,460 bp of which 10,092 bp extends upstream (and centromere distal) of Notch and 12,765 bp extends downstream (and centromere proximal) of dm. Using the ''find'' option of the DNASTAR program EditSeq, we searched this sequence for all dinucleotide motifs with lengths greater than five perfect repeats. A total of 26 microsatellites (including those presented in Bauer DuMont and Aquadro 2005) were chosen for further analysis on the basis of their length and location. The microsatellites were named on the basis of their location (in kilobases) within the combined sequence of these clones. The microsatellites surveyed for variability are denoted as follows: 7.9, 28.6, 33.3, 37.3, 45.7, 46.8, 50.7, 57.8, 67.8, 89.6, 99.3, 104.9, 113.4, 127.9, 135, 139.4, 165.4, 174.1, 183, 192.8, 201.5, 211.4, 223.4, 235.1, 244.2, and 255 .6 (of which data from the first 9 were originally presented in Bauer DuMont and Aquadro 2005). Thus, our microsatellite survey spans 259.9 kb, which corresponds to bases 3024470-3284333 of the D. melanogaster genomic scaffold (Release 5.2). The primers used to amplify these microsatellites are given in supplemental Table 1 at http:/ /www.genetics.org/ supplemental/. Forward primers were labeled with the fluorescent dye FAM (Applied Biosystems, Foster City, CA). PCR product lengths were determined on an ABI 373XL automated sequencer using the ABI programs Genescan and Genotyper.
The Bottleneck program (Cornuet and Luikart 1996) was used to evaluate the relationship between the observed number of alleles and expected heterozygosity at each microsatellite. Negative deficiency of heterozygosity (DH)/SD values indicate an excess of rare alleles compared to neutral equilibrium expectations, while positive values indicate the opposite pattern. We report the two-phase model results, which were determined under the default settings of the program (variance ¼ 30.0, probability ¼ 70%). The LnRV and LnRH tests (Schlotterer 2002; Kauer et al. 2003) were also applied to the microsatellite data to test for population-specific reductions in variability. The tests were performed by comparing our 26 loci from the Notch to dm region to data from 118 other X-linked microsatellite loci reported by Kauer et al. (2003) . For these tests, levels of variability at monomorphic loci were adjusted by replacing one allele with another that is one repeat unit different from the original allele length, following the suggestion of Schlotterer (2002) and Kauer et al. (2003) .
PCR amplification and sequencing: Ten regions spanning the dimunutive gene were sampled for nucleotide sequence variation in this study. Exons 1 (1 kb) and 2 (1 kb) of dm, the 59-noncoding sequence (2 kb), intron (3 kb), 39-noncoding sequence (1 kb), and the adjacent open reading frame (CG12535) were amplified using PCR. Primers (given in supplemental Table 1 at http:/ /www.genetics.org/supplemental/) were used to generate sequence runs on an ABI3700 automated sequencer. For each of the regions sampled, a contiguous sequence was assembled for each individual and aligned using the computer program Sequencher (Gene Codes, Ann Arbor, MI). Details of region location and sequence length are given in the results section.
Data analysis: Pairwise nucleotide diversity, u p (Nei and Li 1979) , and u W , based on the number of segregating sites (Watterson 1975) , were calculated using the program DnaSP 3.99 (Rozas and Rozas 1999) for each D. melanogaster sample. Insertion-deletion polymorphisms were excluded from the analysis of population diversity. Under neutral equilibrium conditions both summaries estimate the neutral parameter 3N e m for X-linked loci, where N e is the effective population size and m is the neutral mutation rate. Tajima's D (Tajima 1989) , Fu and Li's D (Fu and Li 1993) , and Fay and Wu's H (Fay and Wu 2000) were calculated to test for deviations from a neutral equilibrium frequency distribution at all loci. Ratios of polymorphism to divergence between nonsynonymous and synonymous sites were compared in coding regions using the McDonald-Kreitman (MK) test (McDonald and Kreitman 1991) . Additionally, the HKA test (Hudson et al. 1987 ) was used to evaluate the fit of polymorphism and divergence data to neutral predictions. Tests were conducted via coalescent simulation using a program available from Jody Hey's website, designed to handle a large number of loci (http:/ /lifesci. rutgers.edu/$heylab/HeylabSoftware.htm#HKA).
One of the best known and most widely applied approaches for testing a selective sweep hypothesis is the Kim and Stephan (2002) composite-likelihood-ratio test (CLRT). The CLRT uses the spatial distribution of mutation frequencies and levels of variability among a population sample of DNA sequences to test for evidence of a selective sweep, with the composite likelihoods being calculated by applying the marginal likelihoods for each site along the length of the sequence. It is assumed that the beneficial mutation with selective advantage s arose on a single chromosome in a population of constant size, drifted to frequency e, changed deterministically to frequency 1 À e, and then drifted to fixation. In practice, this test is commonly applied to loci that are targeted for further resequencing from a genome-scan study. Maximum-likelihood estimates (MLEs) of the strength (a ¼ 2N e s) and the location of the target (X ) of selection are also obtained via maximization of their composite-likelihood function. To discriminate between hypotheses, the composite likelihood of the data under the model of a selective sweep, L S ðâ; X j DataÞ, is compared to the likelihood of the data under the standard, neutral model, L N (Data). The latter quantity depends only on the mutation rate, which is assumed known. The CLRT statistic employed is L KS ¼ logðL S ðâ; X j DataÞ=L N ðDataÞÞ. The null distribution of L KS is obtained by applying the CLRT to data sets obtained from simulation under the standard neutral model with fixed u. The neutral model is rejected at level g when the observed L KS is greater than the 100(1 À g) percentile of the null distribution.
A problem with this test, however, is that it compares the standard, neutral model with a simplistic sweep model. As such, if the data look particularly nonneutral (as might be expected under a number of demographic scenarios), the null model might be rejected in favor of selection-even if the likelihood of the selection model is not particularly high. Jensen et al. (2005) demonstrated that this test is in fact sensitive to deviations from the assumptions of the standard neutral model, with both population substructure and bottlenecks leading to a high frequency of false-positive signals of selective sweeps. To address this problem, they proposed a composite-likelihood goodness-of-fit (GOF) test derived from the Kim and Stephan inference scheme. A GOF test is employed to determine if a random sample of data is drawn from a specific distribution of interest. In this case, the null hypothesis H 0 is that the data are drawn from the Kim and Stephan model, and the alternative hypothesis H A is that the data are not drawn from a Kim and Stephan model. To decide between H 0 and H A , they compare the ratio of the probability of the data given the null, P(Data j H 0 ), to the probability of the data given the alternative, P(Data j H A ). They employ a compositelikelihood scheme to approximate these probabilities on the basis of the site-frequency spectrum and then simulate under the null hypothesis to find the critical value of the compositelikelihood-ratio GOF statistic. Note that in this instance, the null model is the Kim and Stephan selective sweep rather than neutrality, as this test is used only if a data set has already rejected neutrality using the CLRT. Both the CLRT and the GOF software are available for download at http:/ /bio4035747. dhcp.asu.edu/$ykim55/YuseobPrograms.html.
In evaluating the performance of the CLRT in partially sequenced regions such as this, J. D. Jensen, K. R. Thornton and C. F. Aquadro (unpublished results) demonstrate that a parametric bootstrap of the estimated selection parameters, and thus confidence intervals of the predicted target location, can be obtained from the null distribution of the goodness-offit test proposed by Jensen et al. (2005) . To extend their results to be applicable for our present study, we conducted a similar simulation study relaxing the usual assumption that the sweep just ended (t ¼ 0).
We additionally calculate the v-statistic of Kim and Nielsen (2004) , which quantifies a pattern of LD that has been argued to be unique to positive selection . Specifically, this pattern includes strong LD flanking the target and reduced LD across the target. The statistic, defined as
divides the S polymorphic sites in the data set into two groups, one from the first to the lth polymorphic site from the left and the other from the (l 1 1)th to the last site (l ¼ 2, . . ., S À 2), where L and R represent the left and the right set of polymorphic sites, and r 2 ij is the squared correlation coefficient between the ith and jth sites. Thus, v increases with increasing LD within each group and decreasing LD between groups (i.e., the larger the value of the statistic, the more ''sweeplike'' the underlying pattern). For a data set, the value of l that maximizes v (v max ) is found. Singletons were excluded prior to calculation.
Evaluating synonymous sites: For D. melanogaster, D. simulans, and D. pseudoobscura, preferred codons had previously been determined by comparing codon usage between the 10% lowest-and the 10% highest-biased genes (Shields et al. 1988; Akashi 1994) . Following Akashi (1995) , an ''unpreferred change'' is a change within a synonymous family from a preferred to an unpreferred codon. Changes from an unpreferred to a preferred codon are called ''preferred,'' and those among unpreferred or preferred codons (a few synonymous families have two preferred codons) are called ''equal.'' For exon 2 of dm the PAML program was used to provide a maximum-likelihood estimate of the ancestral state at each node of a multispecies tree (including only one sequence for D. melanogaster and D. simulans). These reconstructed sequences were then used to determine the derived nucleotide for each polymorphism observed within D. melanogaster. Performing analyses with the ancestral state assigned on the basis of parsimony leads to qualitatively similar results.
RESULTS

Microsatellite variability:
We present the results of a screen of variation across 26 microsatellites spanning 260 kb between the Notch and diminutive loci on the X chromosome of D. melanogaster for the following population samples: Zimbabwe, the United States, Ecuador, and China. Variability at the first 9 microsatellites within the Notch locus region of this chromosome has been previously reported in detail (Bauer DuMont and Aquadro 2005) and is included here as a frame of reference. Figure 1 and Table 1 present the locations of these 26 microsatellites together with measures of variability and test statistics for three methods used to detect deviations from the standard neutral model in each population. As has previously been noted (e.g., Pool et al. 2006) , the non-African populations harbor on average fewer alleles and have lower heterozygosity than the Zimbabwe population. There is great heterogeneity across microsatellites in the levels of variability. Of particular note are the dips in heterozygosity and number of alleles around roughly positions 140 and 244 kb (in the dunce and dimunutive transcripts, respectively; Figure 1 ), in addition to the dips in these statistics previously reported at the Notch region (e.g., for positions 37-47 kb for Ecuador in Figure 1 ). However, microsatellites are notoriously heterogeneous in mutation rate among loci due particularly to different numbers of perfect repeats (e.g., Brinkmann et al. 1998; Schug et al. 1998a,b; Bachtrog et al. 2000; Ellegren 2000) . In fact, many of the loci, which show lower levels of heterozygosity, also have shorter lengths, as deduced from the published D. melanogaster sequence. To circumvent this difficulty, we evaluated whether the neutral relationship between the number of alleles at a locus and the Repeat no. frequency distribution of those alleles (as measured by expected heterozygosity) were met at each microsatellite. We assess significance of a departure using the computer program Bottleneck (Cornuet and Luikart 1996) . This program evaluates the probability of observing the expected heterozygosity at individual loci on the basis of allele frequencies given the observed number of alleles, assuming a two-phase mutation model (i.e., the majority of microsatellite mutations are stepwise but occasionally a larger jump in allele length occurs; results were similar when a stepwise-only model was assumed). A deficiency of heterozygosity (negative DH/SD value) indicates an excess of low-frequency alleles and would be consistent with linkage to a recent selective sweep. Positive DH/SD values suggest an excess of intermediate-frequency alleles.
The Bottleneck results for the 26 Notch to diminutive microsatellites are given in Table 1 and are visually depicted in Figure 1 . It is noteworthy that while some values are positive, most are negative. The bottleneck test is one tailed and thus loci are significant when their P-values are ,0.025. If a Bonferroni correction is applied to these data (a total of 64 tests were performed, 16 loci 3 4 populations), the significant P-value is reduced to 0.0008. Under this criterion only microsatellite 223.4 is marginally significant (and negative) in the Chinese population (indicated by an asterisk in Table  1 ). However, given that this scan of variation was intended only as a course indication of regions potentially affected by positive selection, we consider any microsatellite with a P-value #0.025 as interesting. When considering only the 16 new microsatellites, there are two clusters of microsatellites for which we observe strongly negative DH/SD values and/or no variation. The first is located roughly at position 130 kb and is observed most strongly in the Chinese and United States populations. The other cluster is approximately between microsatellites 211.4 and 255.6. Particularly striking is the very strong (and significant) negative DH/SD value for Zimbabwe at microsatellite 244.2, and this is the region that we here focus on. Also within the Zimbabwe population we observe a cluster of strongly positive DH/SD values surrounding 200 kb. It is important to note that the DH test has a number of limitations, perhaps most significantly being that the performance appears to strongly depend on the underlying microsatellite mutation model.
We also applied the LnRV and LnRH multilocus tests (Schlotterer 2002; Kauer et al. 2003) to the microsatellite data. The goal of these tests is to detect loci that are outliers to the distribution of the ratio of observed microsatellite variation between two populations across loci (variation being measured either as variance in repeat number or expected heterozygosity per locus, respectively). Loci that are significant outliers show a population-specific excess or deficiency in variation, which is interpreted as the signature of population-specific balancing or directional selection, respectively, in that region of the genome. These statistics are used as an alternative to allele excess, and LnRV in particular has been argued to be particularly well suited for identifying regions affected by recent selection. This is owing to the fact that the statistic has an identical expectation for all loci that is independent of u (Schlotterer et al. 2004) .
We compared the microsatellites between Notch and diminutive to a set of 118 X-linked loci surveyed for variation in population samples from Zimbabwe and Europe (Kauer et al. 2003 ; data from supplemental material at http://www.genetics.org/cgi/content/full/ 165/3/1137/DC1). To perform the tests, our data from the United States, China, and Ecuador were individually combined with the European data of Kauer et al. (2003) and were compared to the combined Zimbabwe data set. Results of these tests are reported in Table 1 and visually depicted in Figure 1 .
Within the United States population we detect a significant deficiency of heterozygosity as compared to Zimbabwe at microsatellite 127.9 (LnRH ¼ À2.034). This is the same microsatellite where a significant excess of rare alleles is detected with the Bottleneck program. Within Ecuador, microsatellite 104.9 also appears to have a deficiency of heterozygosity compared to Zimbabwe. This is a monomorphic microsatellite in the Ecuador sample but has ''normal'' levels of variation in Zimbabwe. Within our Chinese population lower than expected variation is detected with the LnRV test at microsatellite 244.2. When considering LnRH, two microsatellites suggest a significant reduction in heterozygosity within the Zimbabwe sample (i.e., positive test statistics). One is within the Notch gene region (microsatellite 37.2 when compared to the United States) and one near the dips in the Bottleneck test statistic in the 211-to 255-kb region (microsatellite 223.4 when compared to China). These tests can be taken only as suggestive since, for our nonAfrican populations, we are comparing Notch-dm region microsatellite variation within the United States, Ecuador, and China to variation observed at other X-linked microsatellites found in European samples. For instance, Asian populations have been shown to be particularly structured relative to other non-African populations (Schlotterer et al. 2005) .
Nucleotide diversity: Polymorphism data: Although patterns of microsatellite variability appear generally neutral for many loci across the X chromosome in Zimbabwe, the microsatellite in the intron of dm (position 244.2) shows a strong skew toward rare alleles. In addition, several microsatellites within the dm region show reduced variation and a trend for variation to also be skewed toward rare alleles in different non-African populations. Subsequent sequence data were collected from the Zimbabwe and Chinese populations to further investigate this pattern (Figure 2) . Levels of variability and neutral theory test statistics are given in Table 2 and visually depicted in Figure 3 . The intron is less variable than would be anticipated by comparison with other genes similarly sampled in regions of high recombination in Zimbabwe Aquadro 1994, 1995; Bauer DuMont and Aquadro 2005; Pool et al. 2006) . In addition, the variable sites are segregating at very low frequencies. The intron also has reduced variation relative to the expectation inferred from levels of divergence (Figure 3 ). Thus, a low, localized mutation rate does not appear to account for the observed reduction.
Patterns of nucleotide polymorphism across the sampled regions in the Chinese population were largely consistent with the microsatellite 244.2 results in also being largely invariant. Although variability begins to recover moving away from dm in both the 59 and 39 directions, only 17 segregating sites were sampled in total from this population across the surveyed region, all in the flanking regions (Table 2) .
While patterns of nucleotide variation at dm in both Zimbabwe and China are consistent with the effects of a selective sweep, another alternative hypothesis arises when considering that demographic processes are capable of producing very similar patterns in the frequency spectrum (e. ). This result is of particular concern for D. melanogaster given that Thornton and Andolfatto (2006) have estimated that a severe bottleneck occurred during the migrations out of Africa $0.019 generations ago in units of 4N.
To further evaluate the hypothesis of a selective sweep at or near dm, the CLRT (Kim and Stephan 2002) and GOF test ( Jensen et al. 2005) were applied to the diminutive polymorphism data from both Zimbabwe and China. These tests are appealing as they consider multiple features of the site-frequency spectrum and, in combination, have been shown to be robust to demography. A significant CLRT was observed for both populations, and the GOF P-values are found to be consistent with the selective sweep hypothesis (Table 3) . Additionally, maximum-likelihood parameter estimates were obtained for both the strength (2N e s ¼ 868 and 403 for China and Zimbabwe, respectively) and the target of selection (positions 13765 and 12132 for China and Zimbabwe, respectively, where position 1 corresponds to the first base pair of the first sequenced region).
While the CLRT is conservative when applied to partial sequence data (J. D. Jensen, K. R. Thornton and C. F. Aquadro, unpublished results), the resulting parameter estimates can be unreliable even when considering very recent selection (t ¼ 0). To examine the ancestral sweep predicted for dm, the assumptions regarding the age of the sweep were relaxed (the CLRT assumes that t ¼ 0). Data sets were simulated with selection using the diminutive parameters (u,â, X, n, R, as well as the precise configuration of sequenced regions) and used what has been suggested to be a minimum value of t that would be necessary to accommodate a sweep prior to the splitting of the African from the non-African populations (t ¼ 0.019, Thornton and Andolfatto 2006) . We find (Table 4) that while complete sequencing makes a large improvement in the precision of target site estimates when the sweep is very recent, it has a relatively minor impact when selection has occurred in the more distant past, owing to the loss of signal due to the subsequent impacts of drift, mutation, and recombination. For the estimate of the target of selection, for instance, the 95% confidence intervals with our current partial sequencing encompass $18 kb, while if the entire 22-kb region had been sequenced the confidence intervals would be reduced only to 14 kb (Table 4) .
We also examined the impact of sample size on the MLE by evaluating the confidence intervals and relative mean square errors (RMSEs) under a number of different sample sizes. It is worth noting that while there is a marked improvement for larger sample sizes, the benefit appears to plateau around n ¼ 60. Additionally, given the estimated strength and assumed age of the sweep in the dm region, even for a sample size of n ¼ 110 and complete sequencing, the 95% confidence intervals would still encompass half (11 kb) of the 22-kb dm gene region under investigation here. Thus, while the CLRT has good power to detect sweeps of this age, the maximum-likelihood estimates are not very precise even with complete sequencing and extremely large sample The 95% confidence intervals spanning the estimate of the target of selection (as ascertained from simulation) for partial and complete sequencing, as well as a common (n 5 12) and large (n 5 60) sample size, for t 5 0 and t 5 0. Figure 3.-A plot of silent p for each of the sequenced populations, as well as pairwise divergence per nucleotide as estimated by comparison with D. simulans (divergence is divided by 10 for scaling purposes). On the x-axis is the location along the region under investigation, and overlaid is a schematic of the sequenced regions as well as the exon structure of diminutive.
sizes. Thus, these simulation results suggest that additional sequencing would not allow for a more precise localization of the target of selection. We note that even though the target of the dm sweep is inferred to be in the center of the intron, the confidence intervals span the entirety of the coding region.
Additionally, LD patterns were examined for evidence of positive selection using the v-statistic of Kim and Nielsen (2004) . While we observe a large value that is consistent with a hitchhiking model according to the simulations of Jensen et al. (2007) (v max ¼ 5.62), we have additionally examined the distribution of v max given our specific data structure and parameters, for the standard neutral model, the demographic model estimated for this population by Li and Stephan (2006) , the demographic model estimated for this population by Haddrill et al. (2005) , and a hitchhiking model in which selection parameters are taken from the MLEs obtained from the Kim and Stephan (2002) procedure. These simulations suggest the observed value to be uniquely consistent with the hitchhiking model (Figure 4) .
Divergence data: The comparison of polymorphism to divergence can provide additional tests of an equilibrium neutral model. One such test is the HKA test (Hudson et al. 1987 ) that compares levels of polymorphism to divergence between regions. Comparing regions of dm to each other as well as to other genes on the X chromosome in regions of high recombination (Notch 59, G6PD, and Vermillion) using a multilocus extension of the HKA test reveals a significant P-value (P ¼ 0.0014) only for the China population sample. The data for these tests are presented in Table 2 , where the lack of any segregating sites in the middle of the sequenced region, in contrast to normal divergence, appears to drive this rejection. While Zimbabwe does not reject, somewhat lower variation is apparent in this same region.
An additional polymorphism/divergence test of an equilibrium neutral model for protein-coding genes is the McDonald-Kreitman (MK) test (McDonald and Kreitman 1991) . The null hypothesis of neutrality predicts that the ratios of polymorphism to divergence for synonymous and nonsynonymous sites are similar given that polymorphism is simply the transient phase of fixation. The polymorphism data considered are either from a combination of the two D. melanogaster populations or from a single population of D. simulans (Table  5) . When considering total divergence between D. melanogaster and D. simulans, significant differences between ratios of synonymous and nonsynonymous polymorphism to divergence are observed in the former species for the entire dm coding region. With D. yakuba as an outgroup, and using parsimony to place fixations along the D. melanogaster or D. simulans lineages, the test was also performed using lineage-specific divergence. The results are marginally significant in both species for the entire dm coding region (the test is expected to lose power if lineage-specific divergence is relatively low). The MK test was also applied to the two exons of dm separately. The test remains marginally significant at exon 2 in D. melanogaster, suggesting that this region of dm has a tendency toward an excess of either nonsynonymous fixations or synonymous polymorphisms.
When the MK test suggests a deviation in the direction observed at exon 2 of dm, it is traditionally concluded to be due to positive selection on nonsynonymous mutations, although recent studies have illustrated the need to also consider selection acting on synonymous sites (e.g., Bauer DuMont et al. 2004; Comeron and Guthrie 2005) . Interestingly, exon 2 also has an excess of synonymous fixations along the D. melanogaster lineage compared to the D. simulans lineage (Table 5) , resulting in a significant relative rates test (Tajima 1993) .Given the suggestive MK test result and significant relative rates test on synonymous fixations at exon 2 of dm, we sequenced this region in additional species and applied a genetic algorithm (GA) method to assess the relative rates across species in synonymous and nonsynonymous evolution (Kosakovsky Pond and Frost 2005) . Models allowing up to six separate v-ratios (d N /d S ratio) across the tree were explored. We observed no increase in likelihood beyond a three-ratio model. The three-ratio GA model reveals a significantly lower v-ratio along the D. melanogaster branch relative to other branches of the tree (P-values ranging from 0.003 to 0.029). Figure 5 shows that this decreased ratio is as much due to an accelerated rate of synonymous fixations as it is to a decreased rate of nonsynonymous mutations in D. melanogaster, which corroborates the significant relative rates test for synonymous changes in this species represented in Table 5 . Li and Stephan (2006) , the bottleneck model estimated for this population by Haddrill et al. (2005) , and a hitchhiking model using the MLEs of selection parameters estimated from our empirical data set (given in Table 3 ). One thousand replicates of each of the three neutral models were generated using ms (Hudson 2002) , and 1000 replicates under the hitchhiking model were generated using ssw (Kim and Stephan 2002) . The horizontal dashed line indicates the observed empirical value of v max . As shown, the observed value appears to be uniquely consistent with the hitchhiking model.
To further investigate the relative molecular evolution of synonymous and nonsynonymous mutations at exon 2 of dm, additional sequence was generated, increasing the sample size to n ¼ 28 for this region in D. melanogaster. The addition of these sequences produced different MK test results because a large proportion of previously classified fixed differences between D. melanogaster and D. simulans are now found to be only near, but not at fixation (thus shifting to be counted as a higher frequency of polymorphisms). The MK test is no longer marginally significant for D. melanogaster, but becomes significant within D. simulans (Table 5 ). The effect of the larger sample size on reclassifying fixed differences was not consistent between synonymous and nonsynonymous mutations. Significantly, more new segregating sites are due to the conversion of fixed differences to polymorphisms for synonymous than for nonsynonymous changes (ratio of truly new polymorphism to those reclassified from ''fixed'' differences for synonymous and nonsynonymous changes, respectively: 7:40 and 12:8; Fisher's exact P-value ,0.001).
The vast majority of the reclassified synonymous polymorphisms results in a high frequency of derived unpreferred mutations (changes from a preferred to an unpreferred synonymous codon). This pattern produces a significant difference in derived preferred (changes from an unpreferred to a preferred synonymous codon) and unpreferred frequencies within the Zimbabwe population (Wilcoxon test P-value ¼ 0.014; 7.2 and 18.22 rank sum score mean for preferred and unpreferred, respectively). We note that the new, large sampledependent polymorphisms are not associated randomly among the new alleles, but rather are mostly associated with two lines: Zimbabwe 21 and 25 (Table 6 ). In addition, the haplotype structure that these alleles introduce extends into the neighboring intron. This haplotype structure is consistent with the hypothesis that a selective sweep has occurred within this genomic region (Kim and Nielsen 2004) . However, it is not expected that a sweep would change the relative frequencies of preferred and unpreferred mutations. These somewhat complex results do suggest that synonymous sites are not evolving in a strictly neutral fashion at exon 2 of dm.
Regardless of the inherent evolutionary pressures acting on synonymous sites, the overall pattern of nucleotide sequence heterozygosity, the frequency spectrum, and the haplotype structure suggest that at least one (probably ancestral) selective sweep has occurred within the dm region of the X chromosome in D. melanogaster. (Tajima 1993) between the two species.
DISCUSSION
Detecting adaptive fixations via patterns of polymorphisms in demographically unstable populations that share a common history is a complex task. It is even more difficult when the sweep is ancestral, predating the bottleneck associated with the founding of the sampled derived populations. Nonetheless, this complex selective and demographic history appears to be the best explanation for the patterns observed at microsatellite and nucleotide sequence data spanning the diminutive gene region of an African and Chinese population of D. melanogaster. Microsatellite data from across the 260-kb region scanned here, together with an adjacent distal 330-kb region extending to the white gene screened by Pool et al. (2006) , have led to the investigation of three subregions more thoroughly via complete sequencing. In these cases, the consensus of various analyses has supported the interpretation that selective sweeps have shaped patterns of variation. One footprint seems associated with an evolutionarily recent sweep most prominent in non-African samples (i.e., downstream of Notch; Bauer DuMont and Aquadro 2005). However, two other footprints (one upstream of roughest reported in Pool et al. 2005 and the other at diminutive from the present study) were first hinted at by microsatellite data from non-African samples, yet follow-up targeted sequencing revealed significant support for a more ancestral sweep evident in the African sample. The apparent inconsistency of results for some tests of neutrality that focus on individual components of the frequency spectrum or levels of variation (such as Tajima's D or the HKA test for sequence or DH/SD for microsatellites) may reflect both this older fixation within the representative African population (Zimbabwe) and the increased evolutionary variance imposed on aspects of variation in bottlenecked populations represented by China (for sequence and microsatellite data) and the United States and Ecuador (for microsatellite data only). Although sequence data have not been generated in the United States and Ecuador samples, their microsatellite data support the founder-effect-sweep-amplification hypothesis in showing a reduction in variability and a frequency spectrum skew toward rare alleles within the dm region.
The presence of an ancestral sweep, the signal of which is blurred in derived and bottlenecked populations, may also explain the lack of a clear statistical signal in the LnRV and LnRH test results for microsatellites, both of which focus on population-specific reductions in variation. Pool et al. (2006) have made a similar case for their results. Importantly, these tests are designed to detect deviations between populations relative to one another; thus, one would not necessarily expect to detect significant differences under a hypothesis in which all populations have been affected by the same selective sweep. This is largely consistent with our data, in which LnRH is not significant at dm, and LnRV is only marginally significant when comparing the Chinese and Zimbabwe samples. We suggest that the latter result is due to the fact that, while we propose the same selective event in the ancestral population common to both Zimbabwe and China, the Chinese population may have been additionally affected by a more recent population bottleneck, resulting in a greater loss of variation at linked neutral regions. For microsatellite 244.2, no variation is observed within the Chinese sample, which is not typical for this population Pool et al. 2006) .
The maximum-likelihood methods we have relied on heavily to analyze the nucleotide sequence data incorporate several aspects of variation and the frequency spectrum together and suggest that an ancestral sweep has occurred within the dm region of the X chromosome of D. melanogaster. This signal appears robust to the confounding effects of demography, and it is for this reason that we focus on these statistics. In addition, the observed haplotype structure and the pattern of LD in the Zimbabwe sample within the dm locus are also more consistent with selection than with nonequilibrium demography. There are at least three specific predictions for LD around the target of an adaptive fixation: (1) strong LD close, but not immediately adjacent, to the target of selection; (2) strong LD on both sides of, but not across, the target; and (3) a greater probability of observing high-frequency derived alleles where strong LD is observed (Kim and Nielsen 2004; Stephan et al. 2006; Jensen et al. 2007) . This latter correlation between high-frequency derived alleles and strong LD is due to the common underlying genealogical structure that gives rise to both features. All three predictions are observed at dm, resulting in a large LD test statistic value, v max , which appears most consistent with a hitchhiking model. However, given the large confidence intervals on the target prediction, the selected site may be contained in either exon or in the intron of dm. Interestingly, of the three regions for which selective sweeps have been inferred in this 256-kb region of the X chromosome, unusual patterns in synonymous site evolution have also been found at two of them (dm and Notch; e.g., Bauer DuMont et al. 2004; Bauer DuMont and Aquadro 2005) . Could selection on synonymous sites at least partly explain the selective sweep signal at dm? The excess of high-frequency derived, unpreferred synonymous variants found at exon 2 with the large population sample is adjacent to the inferred target of selection. However, this pattern appears to be due to the presence of rare, ancestral haplotypes. This haplotype structure and associated linkage disequilibrium extend across exon 2 and into the neighboring intron. These patterns are expected with a selective sweep model, but not under a simple model of selection on synonymous sites in which selection coefficients on such mutations are predicted to be on the order of the reciprocal of the effective population size (e.g., Akashi and Schaeffer 1997; Comeron and Guthrie 2005; Nielsen et al. 2007 ). With our current data, we cannot exclude that a change in synonymous site selective pressure and/or a change in mutation bias along the D. melanogaster lineage (e.g., Nielsen et al. 2007) , in association with a linked selective sweep, has led to our significant MK test results. Regardless, our results illustrate the potential importance of sample size in inference of fixed vs. polymorphic states and in assessing differences in frequency spectra between different types of mutations. To date, with typically used sample sizes (n ¼ 10 or 12), the pattern at the second exon of dm of a significantly higher frequency of derived unpreferred mutations compared to preferred has not been previously observed in D. melanogaster (e.g., Akashi and Schaeffer 1997; V. Bauer DuMont and C. F. Aquadro, unpublished data). These results are worth additional investigation, but at present do not support the idea that pervasive selection at synonymous sites altered genealogies sufficiently to ''look'' like a single sweep footprint at dm.
In summary, we conclude that the most parsimonious explanation for both the observed microsatellite and sequence data in the diminutive region of the X chromosome is that an African sweep occurred prior to nonAfrican founding events. While the composite-likelihood test we used appears to have good power to detect sweeps of this age, we have shown here that even for very large sample sizes the maximum-likelihood estimate of the target of selection still has a large confidence interval for ancestral sweeps. As such, there is disappointingly little power to localize the target within dm from polymorphism data alone. Our finding that selection has acted at this locus is, nonetheless, intriguing given the known role of diminutive as a positive regulator of body size (Craymer and Roy 1980) , as well as the known clinal pattern of variation of this trait (Gockel et al. 2002; Calboli et al. 2003) . Only a functional analysis of naturally occurring variation at dm, as well as more complete geographic sampling across these clines, will provide greater insight into the selective pressures producing the patterns of variability observed at this genomic region.
